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Hampton, V i r g i n i a  
Composite mater ia ls great' >xpana the options f o r  obtaining e f f i c i e n t  s t r uc tu ra l  
designs. Because o f  the ic j e  number of design options, the task o f  f i nd ing  the  
optimum conf igurat ion f o r  a  composite s t ructure i s  more d i f f i c u l t  than f o r  the 
cori-espor,ding metal structure.  The opportuni ty t o  obtain superior designs togeth- 
e r  w i th  the d i f ' i c u l t y  o f  se lect ing among the many options i s  making automated 
s t ruc tu ra l  s iz ing--or s t  r vc tu ra l  optimi rat ion--an increasingly popular design t o o l  
fo r  coniposite structures. 
Threc ekcel l en t  reviews o f  s t ruc tu ra l  opt imizat ion have appeared recent ly :  Schmi t 
(1981), ')anderplaats (1982). and Lev (1981). These three papers describe the  h i s -  
t o r y  o f  and current work i n  s t ruc tu ra l  opt imizat ion,  p a r t i c u l a r l y  i n  the 1l.S.. and 
discuss fu ture appl ica t ions.  mo the r  excel l en t  review, Haftka (13S1). which has 
been presented but i s  as yet  unpublished, considers s t ruc tu ra l  opt imizat ion w i t h  
aeroel ast i c  design requi rements. 
This p a w r  provides a b r i e f  in t roduct ion t o  opt imizat ion and describes i t s  appl ica- 
t i o n  t o  cmr,:site structures. Two ear ly  approaches t o  systematic s t ruc tu ra l  design 
are descrfbed. Then, basic concepts aod de f i n i t i ons  f o r  modern opt imizat ion proce- 
dures are presented and contrasted w i th  the e a r l i e r  dpproaches. ( A  much more com- 
p le te  and detai  1 ed survey o f  the  development o f  s t ruc tu ra l  opt imizat ion i s  con- 
ta ined i n  the references c i t e d  above.) Several design studies i 1 l u s t r a t e  fac to rs  
t h a t  lrntst be considered when using opt imizat ion techniques t o  design composite 
stwctures. One important factor i s  t ha t  composite structures can be t a i l o r e d  
very wel l  t o  meet a given set o f  design requirements, but the resu l t tng  s t ructure 
may be very sens i t ive t o  off-design condi t ions-- that i s ,  condi t ions not con- 
sidered i n  the o r i g i na l  set  o f  design requirements. Another fac to r  i s  t ha t  op t i -  
mized structures may be sens i t ive t o  imperfections. The design studies i n  t h i s  
paper consider the e f f ec t  o f  mater ia l  strength, buckling, thermal loads, and + 
geometric imperfections. A1 1 ca lcu la t ions were performed w i t h  the  computer program 
PASCO (Anderson and Stroud, 1979; and Stroud, Greene, and Anderson, 1981). PASCO , 
contains the computer program VIPASA ( Y i t t r i c k  and Williams, 1974) f o r  the buck l ing 
analysis o f  s t i f fened  panels and the computer program CONMIN (Vanderplaats and 
Hoses, 1973) as the optimizer. 
SY STEMTIC STRUCT'JRAL DESIGN METHODS 
An ear ly  systematic method f o r  adjust ing s t ruc tu ra l  design var iables i s  the f u l l y -  
stressed design approach using a s t ress-rat io  s i z i ng  algorithm. The method i s  
based cn the assumption t ha t  the l i g h t e s t  design i s  obtained i f  each s t ruc tu ra l  
member i s  stressed t o  an al lowable stress i n  a t  leas t  one o f  several loading con- 
d i  t ions. Mi t h  t h i s  method, thicknesses are changed using the formula 
where t i + l  i s  the thickness o f  a s t ruc tu ra l  member f o r  s i z i ng  i t e r a t i o n  i + l ,  aa i s  
the allowable stress, and t i  and a i  are the thickness of, and stress in ,  the 
s t ruc tu ra l  member f o r  s i z i ng  i t e r a t i o n  i. (Here, the word "stress" includes any 
representative measure o f  the stress state.) A f te r  a l l  members are resized, the  
s t ructure i s  reanalyzed, in te rna l  stresses are recalculated, and the thicknesses 
are updated using the above formuia. This i s  an excel lent  approach i f  changes i n  
the  design var iables cause only smali changes i n  the load i n  each member ( t ha t  i s ,  
i f  the s t ructure i s  close t o  being s t a t i c a l l y  determinate), and i f  a stress l i m i -  
t t t i o n  i s  the only design requirement. 
Another ear l y  design approach i s  based on the concept o f  simultaneous f a i  1 ure 
modes. It i s  simi)at-, i n  some ways, t o  the fu l ly -s t ressed design approach i n  t h a t  
i t  i s  assumed the l i g h t e s t  design i s  obtained when two o r  more modes o f  f a i l u r e  
occur simultaneously. It i s  a lso assumed tha t  the f a i l u r e  modes t ha t  are ac t i ve  
a t  the optimum ( l i gh tes t )  design are known i n  advance. Consider, f o r  example, t he  
way t h i s  procedure would be used t o  design a metal blade-st i f fened panel having 
the cross section shown i n  Fig. 1. There are four design variables. Rules-of- 
thumb based on considerable experience are f i r s t  used t o  estab l ish proportions, 
(a) ELADE-STIFFENED PAWL SUBJECTED (b) S T I F R M R  DETAIL SHOWING 
10 COMPRESSIVE LOAD DESIGN VARIABLES bl, bTtl, t2 
Fig. 1. Metal blade-st i  ffened panel w i t h  four design var iables.  
such as p l a te  width-to-thi  ckness r a t  i 0s. Establ i shi ng the  proport ions e l  ini nates 
two o f  the design variables. The two remaining design var iables a re  then calcu- 
l a t e d  by se t t i ng  the  overa l l  buck l ing load and the  loca l  buck l ing load equal t o  
the  appl ied load. This approach resu l t s  i n  two equations i n  the two unknown 
design variables. The success of the  method hinges on the  exper:ence and i ns i gh t  
o f  the  engineer who sets the  proport ions and i d e n t i f i e s  the r esu l t i ng  buck1 i ng 
modes. For metal s t ructures having conventional configurations, i n s i gh t  has 
been gained through many tests .  ' imi t ing the  proport ions acccnnpl ishcs two goals: 
It reduces the number o f  design variables, and i t prevents f a i l u r e  modes t h a t  are 
d i f f i c u l t  t o  analyze. This simp1 i f i e d  design approach i s ,  therefore,  compatible 
w i t h  a s imp l i f i ed  analysis capabi l i ty .  
Although both the  fu l ly -s t ressed design approach and t he  simultaneous f a i l u r e  mode 
approach are s t i  11 being used fo r  s t ruc tu ra l  design, two other design approaches 
o f f e r  much greater po ten t ia l  fo r  future s t ruc tu ra l  design appl icat ions.  These two 
approaches are optimal i t y  c r i t e r i a  methods and nonl inear mathematical programing 
techniques. During the 1970's there was considerable discussion regarding the 
r e l a t i v e  mer i ts  o f  opt imal i  t y  c r i t e r i a  and nonl inear  mathematical prsgraming. 
Where applicable, optimal i t y  c r i t e r i a  methods produced an improved design ni t h  
few i te ra t ions ;  noril i near mathematical programming methods were r igorous and had 
broad genera l i ty  but required more i te ra t ions .  During t h i s  same t ime period, 
op t ima l i t y  c r i t e r i a  methods were becoming more rigorous. By the l a t e  19701s, 
s imu la r i t i es  between the two methods were being noted (Fleury, 1980). To some 
researchers, the  differences between optimal i t y  c r i t e r i a  and nonlinear mathematical 
programing, once c lear  and d i s t i n c t ,  are now beginning t o  b lur .  Some o f  the most 
up-to-date developments i n  both optimal i t y  c r i t e r i a  and nonl inear mathematical 
programing are discussed i n  the proceedings o f  a recent conference on optimum 
s t ruc tu ra l  design (Gal lagher and co l  leagues, 1981). The present paper focuses on 
design of composite s t ructures using nonlinear mathematical programing. 
BASIC CONCEPTS AND DEFINITIONS 
A formal statement o f  the s t ruc tu ra l  design problem i s  as follows: Find the  values 
o f  the design var iables 7 that :  
(1) Minimize an ob ject ive funct ion w(X) 
(2) Sat is fy  a set  o f  i nequa l i t y  design requirements c('(-jr 2 0 
(3)  Sa t i s fy  lower and upper bounds < < 
where a bar over a quant i ty  ind icates a vector. The design var iables f o r  fi lamen- 
t a r y  composite s t ructures can include p l y  o r ien ta t ion  angles and p l y  thicknesses. 
These ext ra  design var iables al low composite s t ructures t o  be more h igh ly  t a i l o r e d  
than metal structures. The ob ject ive funct ion i n  s t ruc tu ra l  opt imizat ion i s  
usual ly  the  weight. The design requirements G > 0 are re fe r red  t o  as tehav iora l  
constraints.  ( I n  many opt lmizat ion codes the inequa l i t y  i s  reversed, so t h a t  
design requirements are w r i t t en  as G ( X )  c 0.) The lower and upper bounds on X are  
re fer red t o  as s ide constraints.  
The const ra in ts  c(T) > 0 are mathematical expressions tha t  must be s a t i s f i e d  i n  
order t o  1 i m i t  the s t ruc tu ra l  behavior or  prevent some f a i l u r e  mode. For example, 
I f  a stress o i n  a s t ructure i s  t o  be no more than a spec i f ied a1 lowable stress 
a, then t h i s  design requirement can be w r i t t en  as 
The s t ress a depends on the  design var iab les and, given the  loading system, can 
be calculated. For t h i s  case t he  al lowable stress does not depend upon the  design 
variables. The const ra in t  G can be w r i t t e n  as 
I n  the  more general case, the response quan t i t y  (represented by a i n  eq. (3))  and 
the al lowable response quant i ty  (represented by aa i n  eq. ( 3 ) )  are  both func- 
t i o n s  o f  the design variables. I n  add i t i on  t o  stress, i nequa l i t y  design require- 
ments are o f ten  placed on de f lec t  ions, buck1 i ng  1  oads, v i b ra t i on  frequencies, 
f l u t t e r  speeds, and stiffnesses. 
A major advancement i n  s t ruc tu ra l  design techno1 ogy occured when i t  was recognized 
t ha t  s t ruc tu ra l  design i s  p r ima r i l y  3n inequa l i t y  design problem def ined by the 
f0 r1 . ,3 l  statement above and when computational procedures evolved t h a t  provided fo r  
the inequa l i t y  constraints.  A la rge por t ion  o f  the c r e d i t  fo r  t h i s  advancement 
goes t o  Lucien Schmit (1960, 1981). It i s  now recognized t ha t  i t  i s  ne i the r  proper 
nor necessary t o  prescr ibe i n  advance which o f  many inequa l i t y  const ra in ts  are t o  
be c r i t i c a l  a t  the optimum design. 
A general and powerful d i s c i p l i n e  f o r  so lv ing the  inequa l i t y  design problem i s  
nonlinear mathematical programing, which i s  often re fer red t o  as simply nonl inear 
programing. Nonlinear programing i s  a branch o f  the broader mathematical d i s -  
c i p l i n e  denoted operations research t h a t  deals w i th  the general problem o f  o p t i -  
n u l i t y .  The word "nonlinear" i s  used because the ob ject ive func t ion  and con- 
s t r a i n t s  can be general nonl inear funct ions of  the design variables. The nonl inear 
programing approach f o r  so lv ing opt imizat ion problems i s  t o  search f o r  values o f  
the design var iables while monitor ing both the v a l ~ e  o f  the ob iec t i ve  funct ion W 
and the values o f  the inequa l i t y  const ra in ts  c. The search i s  an i t e r a t i v e  process 
tha t  begins by assuming an i n i t i a l  design To. A move d i r ec t i on  i s  then gener- 
ated i n  design var ia ' j le  space. Steps are taken i n  t ha t  move d i r ec t i on  and t h e  
best design i n  tha t  d i rec t ion  i s  i den t i f i ed .  The mathematical statement o f  the  
above search i s  
where a i s  the distance t rave led i n  :he 3 d i rec t ion .  The process o f  generating a  
move d i r ec t i on  and ca lcu la t ing  the  distance t rave led i n  t ha t  d i  r ~ c t i o n  continues 
u n t i l  the search converges t o  the set o f  design var iables tha t  minimized the 
ob ject ive funct ion and s a t i s f i e d  the inequa l i t y  constraints.  
There are many approaches for  ca lcu la t iag  5 and a, and there are many ways t o  
account f o r  inequal i t y  const ra in ts  (Fox, 1971; Kirsch, 1981; and Gal lagher and 
col  leagues, 1981). However, i n  a1 1 these nonl inear programing approaches, both 
the  ob ject ive funct ion and the const ra in ts  (or approximations t o  the  ob jec t i ve  
funct ion and/or const ra in ts)  are monitored dur ing the i t e r a t i v e  search and are 
used t o  ca lcu la te  both 3 and a . The minimum value o f  the ob jec t i ve  funct ion ( the  
best design) i s  not assumed t o  occur when a preselected set o f  const ra in ts  i s  c r i -  
t i c a l  --which i s  the fundamental assumpti on used i n  the f u l  ly-stressed and simul- 
taneous f a i l u r e  mode approaches discussed ear l  i e r .  
As discussed i n  de ta i l  by Vanderplaats (19821, a  computer program f o r  s t r uc tu ra l  
opt imi r a t i on  contains three key ingredients:  (1) an analysis prsyram, ( 2 )  an 
opt imizat ion program, and ( 3 )  an in te r face  program throcgh which the analyzer and 
optimi zer corrmunicate. The analysis program ca lcu la tes values o f  t he  s t r uc tu ra l  
response l u a n t i t i e s  associated w i t h  t he  f a i l u r e  modes t ha t  a re  t o  be prevented. 
It then takes these response quan t i t i es  and calculates values of the  const ra in ts  
- 
G. The analysis program a lso  calculates the  value o f  the ob jec t i ve  function Y. 
I n  addit ion, almost a1 1 opt imizat ion programs requi re  the  analysis program t o  
ca lcu la te  the der ivat ives o f  both the const ra in ts  and the ob jec t i ve  funct ion w i t h  
respect t o  the design variables. This der i va t i ve  informat ion i s  ca lcu la ted e i t h e r  
a n a l y t i c a l l y  o r  using f i n f t e  d i f ference approximations. The opt imizat ion program 
contains the l o g i c  t ha t  uses the values o f  the const ra in ts  E, t he  ob jec t i ve  func- 
t i c n  Us and the der ivat ives o f  F and Y t o  search design var iab le  space for the 
optimum design. Several general purrose nonlinear programing opt imizers are 
avai lable.  For r e l a t i v e l y  simple problems the optimizer can be coupled d i r e c t l y  
t o  the anaiysis program. Each t ime the opt imizer requests informat ion about the  
ob ject ive funct ion o r  constraints,  t he  analysis program car r ies  out a  new analysis. 
However, f o r  opt imizat ion problems having analyses tha t  are not simple ( f o r  
example, any analysis using a la rge  f i n i t e  element model ), t h e  la rge  aumber o f  
analyses general ly required by the  opt imizer makes i t  impract ical  t o  couple t he  
opt imizer d i r e c t l y  t o  the analysis program. For these problems, an in te r face  prc 
graml can be used t o  generate and provide approximate values o f  the  constraints.  
Per iod ica l ly ,  the in ter face program c a l l  s  the analysis program and updates the  
approximations. For the most par t ,  i n t e r f ace  programs are not  standard, o f f - the -  
she l f  programs. They are w r i t t en  by the user t o  match h i s  opt imizat ion problem. 
The computer program PASCO, which was used t o  generate a l l  the r esu l t s  i n  t h i s  
paper, uses an in te r face  program approach. 
A t  t h i s  po in t  i n  the paper i t  i s  appropr iate t o  review the top ics  t h a t  have been 
presented and t o  introduce the top ics  tha t  complete the  paper. The f i r s t  pa r t  o f  
the paper has focused on s t ruc tu ra l  optimization--two ear l y  approaches t o  syste- 
matic design and some modern ideas. A researcher f a m i l i a r  w i t h  s t ruc tu ra l  anal- 
y s i s  but unfami l ia r  w i t h  s t ruc tu ra l  opt imizat ion may now know, i n  general, what he 
should do i n  order t o  use opt imizat ion.  The remainder o f  t h i s  paoer discusses 
some of the charac te r i s t i cs  o f  optimized structures, without re? *d t o  the  approach 
used t o  carry out the optimization. Optimized s t ructures- - in  pa r t i cu l a r ,  ~ p t i -  
mized composite structures--can be sens i t i ve  t o  of f -design condi t ions and t o  imper- 
fections. Knowledge o f  these po ten t ia l  dangers can help guide a researcher i n  h i s  
opt imizat ion studies. 
S E N S I T I V I T Y  OF OPTIMIZED COMPOSITE STRUCTURES TO OFF-DESIGN CONDITIONS 
AND IMPERFECTIONS 
I n  a l l  structures--metal as wel l  as composite--there are several l eve ls  o f  design 
variabios. A t  the de ta i led  leve l ,  design var iables can def ine p l a te  element widths 
and th i~knesses  tha t  make up a s t i f f e n e r  i n  a  s t i f f ened  panel. A t  another leve l ,  
design variables may def ine the arrangement of these ~ a n e l s  i n  a  wing structure.  
A t h i r d  leve l  design var jab le  may consider the overa l l  conf igurat ion,  such as wing 
1 An in te r face  program may merely serve as a  cont ro l  program f o r  c a l l i n g  various 
subroutines and f o r  manipulating data t o  ensure data compat ib i l i t y  between these 
subroutines. Also, since most current s t ruc tu ra l  analysis programs do not ca l -  
cu la te  der ivat ives o f  response quan t i t i es  wi th  respect t o  s t ruc tu ra l  parameters, 
an in te r face  program can be used t o  help ca lcu la te  der ivat ives.  However, as used 
here, an in te r face  program i s  a  program tha t  requests informat ion from the 
analysis program, generates approxinate values of c, W ,  x, and a, and supplies 
these approximate values t o  the opt imi zer. The symbol V denotes-the gradient 
vector operator. 
span and aspect ra t io .  Composite mater ia ls  provide addi t iona l  design var iab les a t  
the  de ta i led  leve l .  These design var iables def ine f i be r  o r i en ta t i on  and the  t h i ck -  
ness o f  mater ia l  a t  t h a t  or ienta t ion.  I f  the  physical proper t ies  o f  a metal and 
composite mater ia l  are equivalent, the  addi t iona l  design var iables provided by 
t h e  composite mater ia l  should lead t o  composite designs t h a t  are super ior  t o  metal 
designs. Some o f  the proper t ies  o f  graphi te-epoxy, the composite mater ia l  con- 
sidered i n  t h i s  paper, are superior t o  those o f  aluminum. For example, the  densi ty 
o f  graphite-epoxy i s  about h a l f  t h a t  o f  aluminum, and i t s  modulus o f  e l a s t i c i t y  i n  
t he  f i b e r  d i r ec t i on  i s  about tw ice t h a t  o f  aluminum. On the other hand, the  modu- 
l u s  o f  e l a s t i c i t y  transverse t o  the  f i b e r  d i r ec t i on  i s  low, and there i s  evidence 
t h a t  s l  i ght damage--such as 1 ow speed impact damage--can cause a substant ia l  reduc- 
t i  on i n  strength (Starnes, Rhodes, and W i  11 iams, 1979). 
Although it i s  t r ue  t ha t  the addi t iona l  design var iables af forded by composite 
mater ia ls  provide an opportuni ty t o  obta in  superior designs, i t  i s  a lso  t r u e  t h a t  
the  designer should be aware of possible problems t h a t  can a r i s e  w i t h  these 
superior designs. These problems can a r i se  because a s t ructure t h a t  i s  t a i l o r e d  
very wel l  t o  meet a spec i f ic  set  o f  design condi t ions can f a i l  a t  r 2 l a t i v e l y  low 
load leve ls  f o r  some other load condit ion. Also, opt :qized s t ructures tend t o  
have mu l t i p l e  modes o f  f a i l u r e  occurr ing simultaneously and can be sens i t i ve  t o  
imperfections. 
Example 1, Composite Laminate w i t h  Buck1 i ng  and Mater ia l  Strength Constraints 
As a simple i 11 ust  r a t i  ve axample, consider a 1 ami nate made of a graphi te-epoxy 
mater ia l  having the mater ia l  proper t ies  given i n  Table 1. Subscripts 1 and 2 i n d i -  
cate the f i b e r  d i r ec t i on  and transverse t o  the  f i b e r  d i rect ion,  respectively. The 
laminate i s  balanced and symnetric w i t h  p l i e s  or iented a t  29 wi th  respect t o  t he  
x-d i rect ion as shown i n  Fig. 2. There are many p l i e s  so t ha t  bending-twist ing 
coupl ing can be neglected. The loading i s  N x  = 175 kN/m (1000 1b f l i n . l .  This 
example has two ob jec t i  ves: 
(1) To show how the laminate thickness required t o  support the  loading 
var ies w i t h  p l y  o r ien ta t ion  angle 8 f o r  both a buckl ing f a i l u r e  
c r i t e r i o n  and a mater ia l  strength f a i l u r e  c r i t e r i o n  
( 2 )  To show t p - t  a laminate designed t o  prevent f a i l u r e  by buck l ing d i f f e r s  
substant ia l  i y  from a laminate designed t o  prevent f a i l u r e  by mater ia l  
strength 1 i m i  tat ions--here, a s t r a i n  c r i t e r i o n  
SIMPLE SUPPORT /#A Nx BOUNDARY = 175 kNlm CONDITIONS (1000 Ibflin.) 
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These two object ives h i gh l i gh t  the di f ference between an o r tho t rop ic  composite 
mater ia l  w i t h  a p l y  angle design var iab le  and an i so t r op i c  material,  such as a 
metal. For buckl ing calculat ions,  the laminate i s  taken t o  be 2.54 cm (1.0 in.) 
wide and very long i n  the  x-direct ion.  Boundary condi t ions are simple support. 
For mater ia l  strength calculat ions,  l i m i t a t i o n s  are placed on the  s t r a i n  a1 i n  
the  f i b e r  d i rect ion,  the s t r a i n  €2 transverse t o  the  f i b e r  d i rect ion,  and the  
shear s t r a i n  y12. The l i m i t s  are < .004, I E ~ (  c .004, and ly12( 6 .01. 
The laminate thickness required t o  support t he  load i s  presented i n  Fig. 3 as a 
funct ion o f  the p l y  o r i en ta t i on  angle. The ve r t i ca l  scale ind icates the  requi red 
thickness; the hor izonta l  scale ind icates the  p l y  angle 0 . The s o l i d  curve i s  
f o r  buckling; the  dashed curve i s  f o r  mater ia l  strength. For buckling, t he  
l i g h t e s t  laminate has 0 = 45O. For mater ia l  strength, the l i g h t e s t  laminate has 
0 = 0'. The notat ions *Governed by E ~ " ,  etc., on t he  dashed curve i nd i ca te  the  
por t ions o f  the  curve f o r  which the  corresponding s t r a i n  components govern the  
design. The s t r a i n  €1 i s  c r i t i c a l  fo r  small values o f  0, €2 i s  c r i t i c a l  
f o r  l g O  c 0 r 28'. and y12 i s  c r i t i c a l  f o r  0 > 28'. Since the required thickness 
var ies  w i t h  the p l y  angle, t h i s  example shows t h a t  a p l y  angle design var iab le  can 
be useful  fo r  reducing s t ruc tu ra l  weight. However, t h i s  examp12 a lso  po in ts  out 
t h a t  the best p l 3  angle f o r  one f a i l u r e  mode can be a poor p l y  angle f o r  another 
f a i l u r e  mode. 
The ra t iona le  f o r  the design approach based on simultaneous f a i l u r e  mcdes i s  a lso  
i l l u s t r a t e d  i n  Fig. 3. The l i g h t e s t  design sa t i s f y i ng  a l l  design requirements i s  
a t  the in te rsec t ion  of two const ra in t  curves. I n  general, the  l i g h t e s t  metal p l a t e  
sat i s f y i  ng these desi gn requi rement s woul d not have s i  mu1 taneous f a i  1 ure modes 
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Fig. 3. Laminate thickness required t o  support given load as a funct ion o f  
p l y  o r ien ta t ion  angle. Fa i l u re  c r i t e r i a  are buck1 i n g  and mater ia l  
strength. Load i s  Nx = 175 kN/m (1000 l b f l i n . ) ,  example 1. 
2 Dif ferences between composites and metals cao be i l l u s t r a t e d  w i t h  an even 
simpler example. A composite laminate designed by mater ia l  strength f o r  an Nx 
loading has a very low load-carrying capab i l i t y  whee an Ny loading i s  added. 
A metal p la te  has no comparable reduction i n  load-carry!ng a b i l i t y  f o r  t h i s  
o f  f-desi gn load i  ng. 
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var iables provided by composite mater ia ls,  it. i s  reasonable t o  assume t h a t  simul- 
taneous f a i  1 ure modes occur more f requent ly  for  opt imi zed composite s t ructures 
than optimized metal structures. 
Example 2, Composite St i f fened Panel w i t h  Temperature E f fec ts  
This second example a lso  uses a p l y  angle design var iab le  and i l l u s t r a t e s  t he  sen- 
s i t i v i t v  o f  an optimized composite s t ruc tu re  t o  of f -design condit ions. Consider 
the  m! nimum-wei ght graphi te-epoxy b l  ade-st i ffened panel designed t o  support a 
compressive load o f  Nx = 525 kN/m (3000 lb f / i n . )  w i th  a uniform temperature change 
of -111 K (-2000F). The f a i l u r e  c r i t e r i o n  was buckling. (The s t r a i n  l i m i t a t i o n s  
used i n  example 1 were a lso  used i n  t h i s  example, but, since the  s t r a i ns  were 
lower than the l i m i t i n g  s t ra ins,  the s t r a i n  l i m i t s  d i d  not in f luence the design.; 
The temperature change i s  measured w i t h  respect t o  the  temperature f o r  zel o r es i -  
dual stress (cur ing temperature)--generally an elevated temperature. Assme t h a t  
adjacent s t ructure prevents the panel from undergoing temperature-i nduced d e f o ~  ,t:-
ation. That i s ,  the panel remains f l a t .  
The panel and loading are defined i n  Fig. 4. The length o f  the panel i s  f i x e d  a t  
0.76 m (30 in.); the s t i f f e n e r  spacing i s  f i xed  a t  0.13 m ( 5  in.). The sk in  con- 
s i s t s  o f  20 p l ies ;  the attachment f lange and blade s t i f f e n e r  consist  o f  00 p l i e s  
surrounded by 2450 p l ies .  The design var iables are the sk in  p l y  angle 0, the  
f i v e  thicknesses t i  - t5 ,  the  width b l  o f  the attachment flange, and the depth b2 
o f  the blade. The buckl ing boundary condi t ions are simple support. The optimum 
design f o r  the given design condi t ion has a sk in  p l y  angle o f  266.20. 
/ 'N -/- /- SIMPLE SUPPORT 
x BOUNDARY CONDITIONS 
DESIGN LOADING: 
Nx = 525 kNlm (MOD lb f i~n . )  
TEMPERATURE CHANGE = -111 K (-200°F) 
Fig. 4. Overal l  conf igurat ion,  design variables, and loading f o r  example 2, 
graphite-epoxy b lade-s t i f fered panel w i t h  temperature e f fec ts .  
The buck l ing load o f  the optimum panel design was calculated f o r  various changes 
i n  temperature. The resu l t s  of these h c k l i n g  analyses are given by the  s o l i d  
curve i n  Fig. 5. The ve r t i ca l  scale represents the r a t i o  o f  the buckl ing load t o  
the design load. The hor izonta l  scale represents the change I n  temperature from 
the  temperature f o r  zero residual  stress. The f i  1 l ed  c i r c u l a r  symbol ind icates 
the design condit ion. The s o l i d  curve shows t ha t  when the temperature i s  increased 
by only 18 K (320F) above the design temperature, the buckl ing load o f  the op t i -  
mized panel f a l l s  t o  only 20% o f  the design load. This behavior i s  caused by the  
f ac t  tha t  the coe f f i c i en t  of thermal expansion of a laminate i s  a funct ion o f  p l y  
or ienta t ion.  Since the sk in  p l y  angle i s  var iable,  the various design var iables 
CL adjust  themselves so tha t  only a small po r t ion  of the design load i s  reacted 
by the sk in  a t  the design temperature. The sk in  i s ,  therefore, very thin--0.01 cm 
(0.004 in.). I n  fac t ,  a t  the design temperature and load, the sk in  i s  s l i g h t l y  i n  
8 = 66.20 
(OPTIMUM DESIGN) 
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Fig. 5. Buckling load as a funct ion o f  change i n  temperature f o r  
graphi te-epoxy panel designed f o r  temperature change o f  
-111 K (-2000F). example 2. 
tension. The temperature must be increased 13 K (240F) before the  sk in  i s  i n  
compression. A small add i t iona l  inc:'ease i n  te~bperature causes the buck1 i ng  load 
o f  the panel t o  f a l l  o f f  rapidly.  The dashed l i n e  i n  Fig. 5 i s  f o r  a s im i l a r  
panel fo r  which the p l y  angle o f  the sk in  i s  f i xed  a t  +450. I n  t h i s  case, 
tenpersture ( i n  the range considered) has l i t t l e  e f f ec t  on buck l ing load. For a 
met31 ~ a n e l ,  a uniform temperature change causes no d i f f e r e n t i a l  expansion o r  
thermal stress and, therefore, has no e f fec t  on the buckl ing load. 
The substant ia l  reduction i n  the buckl ing l:taa shown i n  Fig. 5 does not necessari ly 
mean tha t  the load-carrying a b i l i t y  of the panel i s  s i m i l a r l y  reduced. I f  buckled 
skins are acceptable, the panel may be useful  f o r  much higher loadings. Designing 
a panel t o  car ry  load w i t h  a buckled sk in  requires a nonl inear analysis, and such 
a design capab i l i t y  i s  not considered i n  t h i s  paper. 
Example 3, St i f fened Panels w i t h  E f fec ts  o f  Imperfections 
The t h i r d  example i l l u s t r a t e s  tha t  optimized s t ruc tu ra l  panels tend t o  bave mu l t i -  
p l e  modes o f  f a i l u r e  occuring simultaneously. I n  t h i s  example, there are several 
buckl ing modes tha t  are c r i t i c a l  a t  the same design loading. This t h i r d  example 
a lso i l l u s t r a t e s  the extent t o  which geometric imperfections can a f f e c t  the buck- 
1 i n g  load of an optimized panel , whether the panel i s  made o f  graphite-epoxy o r  
a1 umi num. 
A graphi tc-epoxy blade-st1 f fened panel and an alumi num b l  ade-s t i f  fened panel having 
the same conf igurat ion and overa l l  dimensions as the second example, Fig. 4, were 
designed t o  support a compressive load of Nx = 525 kN/m (3000 lb f / in . ) .  Both 
panels w v e  assumed t o  be per fec t l y  s t ra igh t ,  and temperature e f f ec t s  were no t  
considered. The sk in  p l y  angle Q f o r  the graphite-epoxy panel was set a t  450. The 
mater ia l  prgpert ies o f  the graphite-epoxy are given i n  Table 1; mater ia l  proper t ies  
o f  the aluminum are given i n  Table 2. 
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1 Fig. 6. Panel w i t h  i n i t i a l  bow, example 3. 
i'he f i n a l  design conf igurat ion f o r  each panel was then analyzed assuming t h a t  i t  
had an overa l l  bow-type imperXection w i t h  magnitude e as shown i n  Fig. 6. A beam- 
column approach (Anderson an6 Stroud, 1979) i s  used i n  PASCO t o  ca lcu la te  t h e  
bending stress caused by the  bow. Buckl ing loads f o r  both panels, w i t h  and wi thout  
an imperfection, are shown i n  Figs. 7 and 8 as a funct ion o f  the buck l ing h a l f -  
wavelength X . The buck l ing half-wavelength X i s  measured down the length  o f  
the panel ( i n  the s t i f f e n e r  d i rec t ion ) .  The values o f  X considered are X = L/m 
where L i s  the panel length  and m i s  an integer.  
Consider, f i r s t ,  t he  r e s u l t s  fo r  the  graphite-epoxy panel presented i n  Fig, 7. The 
v e r t i c a l  scale i s  the  r a t i o  o f  the buck l ing load t o  t h e  deslgn load. The horizon- 
t a l  scale i s  the r a t i o  o f  the buckl ing half-wavelength t o  panel length, Calculated 
r e s u l t s  are shown by the symbols. A t  t he  design load, the  s t r a i g h t  graphite-epoxy 
panel buckles a t  half-wavelengths o f  X = L, L/4, and L/12 ( f i l l e d  c i r c u l a r  sym- 
bols), which il l u s t r a t e s  the  mu1 t i p l e  simultaneous f a i l u r e  modes mentioned e a r l i e r .  
These values o f  X are denoted c r i t i c a l  wavelengths. At A = L, the re  i s  a second 
eigenvalue 6% above the  design load. The f i l l e d  t r l a n g u l a r  ard  square symbols i n  
Fig. 7 i nd ica te  the  lowest buck l ing loads f o r  t h e  panel w i t h  LOWS o f  e/L = a.003. 
Consider, second, the  r e s u l t s  f o r  the  aluminum panel presented i n  Fig. 8. A t  t he  
design load, the s t r a i g h t  panel buckles a t  half-wavelengths o f  X = L, L/4, L/7, 
and L/16 ( f i l l e d  c i r c u l a r  symbols), which, again, i l l u s t r a t e s  mu, t i p l e  simultaneous 
f a i l u r e  modes. For a l l  half-wavelengths from L/3 t o  L/9 the buck l ing loads are 
less than 1% above the  design load. A t  X = L, the  aluminum panel has a second 
eigenvalue 3% above the  design load. The f i l l e d  t r l a n g u l a r  and square symbols i n  
Fig. 8 ind lca te  the lowest buck l ing loads fo r  the  panel w i t h  bows o f  e/L = i0.003. 
Buckle kdde shapes f a r  each c r i t i c a l  wavelength f o r  t h e  s t r a i g h t  graphite-epoxy 
panel are shown i n  Fig. 9. The second buckl ing mode for  X = L i s  a l so  shown. 
These mode shapes show the deformation of the  panel cross section, Mode shapes 
down the  length  o f  the  panel are s lnusoidal  w i t h  half-wavelength X . The mode 
shapes fo. the  s t r a i g h t  aluminum panel are s l ~ i l a r  t o  those shown i n  Fig. 9. For 
the  a1 umi num panel , the  mode shape for  X = L/7 i s  a combination o f  t h e  L/4 and L/16 
modes, which, i n  turn,  correspond t o  the  L/4 and L/12 modes for  the  graphite-epoxy 
panel. 
-ZERO BOW 
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Fig. 7. Rat io  o f  buckl ing load t o  design load as a funct ion o f  buck l ing 
ha1 f-wavelength f o r  graphi te-epoxy b l  ade-st1 ffened panel 
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Fig. 8. Rat io o f  buckl ing 'gad t o  design load as a funct ion o f  buck l ing 
ha1 f-wavelength f o r  a1 uminum b l  ade-sti  f fened panel desl gned f o r  
zero how, exampie 3. 
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Fig. 9. Buck1 i n g  mode shapes for  s t r a i g h t  graphite-epoxy b lade-s t i  f fened 
panel, example 3. 

above, the cornposlte panel was deslaned by three buckl lng nodes, and t he  alumlnufa 
panel was desl ned by four  modes. I n  another study (Stroud, Agranoff, and 
Anderson, 1977!, a hat -s t l f fened panel was designed by four  buckl lnp lodes--A m L, 
LIZ, L/3, and L/20. I n  ~ d d l t l o n  t o  showlng t ha t  h lgh ly  optlmlzed panels are f re -  
quently deslgned by several buckl lng modes, exam It 3 I l l u s t r a t e s  t h a t  lmperfec- 
t l ons  havlng a reasonable magnitude (c/L m 0.003y can cause a 45% reductton I n  t he  
buck1 l ng  load o f  h lgh ly  optlmlzed f l a t  panels. 
The so lu t ion t o  the problem of s e n s l t l v l t y  o f  optlmlzed s t ructures t o  o f f -d ts lgn 
load condlt lons and t o  Imperfectlons I s  t o  use a mu l t l p l e  load condl t lon approach 
I n  whlch varlous off-desl yn load condl t lons and Imperfect lons are accounted f o r  
i n  the deslgn process. Some types of Imperfectlons cap only be accounted f o r  w i t h  
cos t l y  nonl lnear analyses. Technlques for  making the nonl I n t a r  problem more 
managcable are discussed by Rosen and Schmlt (1981) and Almroth, Stern, and 
Bushnell (1981), Approxlmte analysls technlques are used by Rosen and Schmlt 
(1981) I n  the deslgn of t russ structures havlng loca l  and system lmperfectlons. 
Almroth, Stern, and Cushnell (1981) describe a s y s t m  of computer programs f o r  
deslgnlng s t l f fened  panels inc lud ing the ef fec ts  o f  a raodm set o f  t n l t l a l  Imptr-  
fectlons. I n  that  paper, the goal I s  t o  obtaln computational e f f l c l ency  by uslng 
several leve ls  of analysls. Once nonl lnear analyses are used, deslgn requl rencnts 
tha t  prevent buck:lng can be changed t o  deslgn requirements tha t  malntaln a glven 
post-buck1 ing  strength or 1 l m l  t the stress or  dlsplacements. In1 t l a l  progress 
along these l i nes  I s  described by Rosen and Schmlt (1981). Almroth, Stem, and 
Bushnell (1981), and Dlckson and Biggers (1980). 
CONCLUDING REMARKS 
This paper discusses several top ics  associated w l th  s t ruc tu ra l  optlmlzatlon. 
These toplcs Include ear ly  systematlc desl gn procedures, a modern 3rocedure denoted 
nonl incar m a t h m t l c a l  programing, and sensl t 1 v l  t y  of opt lml zed s t ructures t o  
off-design condlt lons and Imperfectlons. The focus of the paper I s  on o p t l m l z a t l o i ~  
o f  composite structures. 
The fol lowlng factors must be considered when uslng opt imlzat lon technlques t o  
deslgn composite structures:  
(1 )  Structural  deslgn I s  p r ima r i l y  an inequa l i t y  deslgn problem. It I s  
ne i ther  proper nor necessary t o  prescr ibe i n  advance whlch o f  many f a l l u r e  modes 
are t o  be c r l t l c a l  a t  the optlmun deslgn. 
( 2 )  Optimlred Ftructures tha t  are t a l l o r e d  t o  a spec l f l c  set  o f  deslgn con- 
d i t i ons  (loads, temper-atures, fa1 l u re  c r i  te r la ,  etc.) can perform poor ly I n  an 
off-deslgn condl t lon- - that  I s ,  a deslgn condlt fan not considered I n  the set o f  
o r ig ina l  design condltlons. 
(3)  Optlmlzed str!~c:urez tend t o  have mu1 t i p l e  modes of f a l l u r e  occurring 
slmultaneously. For example, there may be several huckl l ng  modes t ha t  are c r l -  
t i c a l  a t  the same deslgr, loading. Such structures can be sens l t lve  t o  Imperfec- 
t lons. 
( 4 )  Compared w l t k  metal mater ia ls,  composl t e  mater la ls provlde addl t lona l  
deslgn variables (ply o r len ta t  ion a r ~ d  p l y  thickness) f o r  more re f lned  t a l l o r l n g  
and more extenslve optlmlzatlon. Optlmlzed composlte s t rcc tures can, therefore,  
be especlal ly susceptible t o  problems a r l s l ng  from off-deslgn ccndl t lons and 
Impsrfect lons. 
During the  1980's the  combination o f  improved conposi t e  materials, b e t t e r  mnu-  
fac tu r ing  techniques, and be t t e r  analysis and design procedures wi 11 a1 law 
engineers t o  exp lo i t  more f u l l y  the po ten t ia l  o f  composite mater ia ls  i n  s t ruc-  
t u r a l  design. 
TABLE 1 Lamina Propert ies o f  Graphi te-Epoxy Mater ia l  
Used i n  Calculations 
Value i n  Value i n  U.S. 
Symbol S I  Uni ts  Customary Uni ts  
€1 131.0 GPa 19.0 x lo6 ps i  
€2 13.0 GPa 1.89 x 10; ps i  
G12 6.41 GPa .93 x 10 ps i  
ill .38 -38 
=1 -.378 .: 1 /K  -.21 x 10'~  OF 
02 28.8 x 1 / K  16 x 10'~  OF 
TABLE 2 Propert ies o f  A1:mrinum Used i n  Example Calculat ions 
Value i n  Value i n  U.S. 
Symbol S I  Uni ts  Customary Uni ts 
E 68.9 GPa 10 x 106 ps i  
G 26.2 GPa 3.8 x 106 ps i  
u .33 .33 
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